Methionine adenosyltransferase I/III (MAT I/III) deficiency is a metabolic disorder exhibiting persistent hypermethioninemia and neurological problems such as mental retardation and movement disorders by brain demyelination. Current diagnosis of MAT I/III deficiency completely depends upon newborn mass screening. Recently, correlation between the type of mutation of the MAT1A gene and clinical presentation has been investigated. The most common mutation, heterozygous for the autosomal dominant Arg264His mutation, is a relatively benign phenotype which requires no treatment. In contrast, care must be taken on the Arg292Cis mutation, especially if compounded with mutations at Arg356 (Arg356Pro, Arg356Leu, and Arg356Gln), for association of myelination disorder. Since MAT I/III catalyzes conversion of methionine to produce S-adenosylmethionine (SAM), supplementation of SAM is a therapeutic strategy to improve neurological problems. Hypermethioninemia can be corrected by methionine restriction; however, it may cause depletion of SAM. DNA testing is important for early diagnosis to prevent neurological manifestations.
Introduction

Methionine adenosyltransferase I/III deficiency
Methionine adenosyltransferase (MAT) I/III deficiency (OMIM 250850) are an inherited metabolic disorder exhibiting persistent hypermethioninemia caused by the MAT1A gene mutations [1, 2] . Clinical manifestations are variable and the diagnosis is completely based upon newborn mass screening. Hence, adult-onset patients could be underdiagnosed. Currently, definitive diagnosis is possible by MAT1A gene analyses. The aim of the present review article on MAT I/III deficiency is to describe correlation between the type of mutation and clinical presentation, and to demonstrate the importance of early DNA testing and commencement of therapy to prevent neurological manifestations.
Methionine and homocysteine metabolic cycle
There are three forms of MAT in mammals; MAT I, MAT II, and MAT III. MAT1A encode single alpha1 subunit of both MAT I and MAT Review Masako Kinoshita [1, 4, 5, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The disease was considered as benign until neurological abnormalities and demyelination of the brain attributed by deficiency of SAM in cerebrospinal fluid were found [16] . In severe cases, patients present with various neurological symptoms like headache, nystagmus, dysdiadochokinesis, and increased deep tendon reflexes. The disease also causes white matter lesions, as observed by magnetic resonance imaging (MRI). The consensus recommendations for the management of methylation disorders emphasize that MAT I/III deficiency is no longer a benign genetic disorder since considerable patients with MAT1A mutations develop neurological symptoms, ex. intellectual disabilities and movement disorders, later in life [19, 20] . Investigation of disorders of methylation, at least by analysis of plasma amino acids, is recommended in patients with unexplained neurological signs and symptoms [19] . A distinct odor of the breath (boiled cabbage odor) is another cardinal feature of MAT I/III deficiency; this is due to dimethyl sulfide, the alternative metabolism of methionine [5] .
Hyperhomocysteinemia is known to associate with hyperlipidemia and subsequent vascular III (tetrameric and dimeric forms, respectively). MAT1A is expressed solely in mature liver cells, spans 3217 nucleotides, and encodes a protein of 395 amino acid residues [3] . MAT II consists of highly homologous two moieties encoded by MAT2A and is expressed in all tissues [4] . MAT activity is comprised of two steps; the first reaction transfers the adenosyl moiety to methionine, and the second reaction cleaves the tripolyphosphate. Figure 1 shows the metabolic cycle of methionine and homocysteine [1, 5, 6] . SAM (also famous as AdoMet) acts as the methyl donor for transmethylation reactions and has a central role in cellular metabolism. In patients with MAT I/III deficiency, reduced activity of the enzyme causes persistent hypermethioninemia and depletion of SAM.
NEUROLOGICAL MANIFESTATIONS OF MAT I/III DEFICIENCY
Clinical manifestation
Neurological manifestations of MAT I/III deficiency are quite variable among individuals 
Review
Diagnostic Value of the MAT1A Gene Mutations in Methionine Adenosyltransferase I/III Deficiency: Possible Relevance to Various Neurological Manifestations disorders [21] . However, only three pedigrees with MAT I/III deficiency are reported to be complicated with severe thromboembolic events leading to death [22] .
Conventional diagnostic process
Extreme elevation of methionine in plasma without obvious increase of homocysteine or SAM, detected by usual newborn mass screening in the microplate methods or the tandem mass spectrometry, is suggestive of MAT I/III deficiency [23] . Further analyses of methionine and other amino acids are performed by chromatographic methods. Careful exclusion of other possible causes of hypermethioninemia is necessary. Other genetic conditions causing hypermethioninemia are homocystinuria due to cystathionine β-synthase (CBS) deficiency, S-adenosylhomocysteine hydrolase deficiency, glycine N-methyltransferase deficiency, citrin deficiency, and fumarylacetoacetate hydrolase deficiency [9] . A feature that distinguishes MAT I/III deficiency from above disorders is that SAM is not elevated, while methionine is persistently high. Elevation of plasma total homocysteine level in severe cases can confuse the diagnostic process, misleading to homocystinuria due to CBS deficiency [10, 17, 24] . Mitochondrial disorders can also be genetic causes of hypermethioninemia [25] . Non-genetic conditions causing hypermethioninemia include prematurity, liver disease, and excessive ingestion of methionine [9] .
For several decades after deficient activity of MAT was first proved in 1974 in the liver of hypermethioninemic individual [26] , liver biopsy was the major diagnostic method. Establishment of the amino acid sequence of MAT I/III [3, 27, 28] and mutations in MAT1A gene in patients with low hepatic MAT activity [2, 5, 8, 9] has enabled definitive diagnosis without invasive procedure of liver biopsy.
DIAGNOSTIC VALUE OF THE MAT1A GENE MUTATION To treat or not to treat?
No treatment is generally recommended to asymptomatic patients with MAT I/III deficiency. Couce et al. report five patients with MAT I/III deficiency that showed normal developmental quotients in spite of a moderate hypermethioninemia (< 150 μmol/L) [23] . A boy with compound heterozygous mutations: c.191T>A (p.Met64Lys) and c.589delC (p.Pro197LeufsX26), showed elevation of plasma methionine and total homocysteine, and urinary homocystine. By starting methionine restriction diet at 31 days of age and maintaining plasma methionine levels less than 750 μmol/L, the patient, currently 5 years old, has entirely normal physical and psychomotor development and shows normal myelination in brain MRI [29] .
No specific treatment other than controlling plasma methionine level is generally recommended to asymptomatic patients with a mild or moderate MAT I/III deficiency. However, severe MAT I/III deficiency patients show neurological problems due to SAM depletion [1, 4, 7, [10] [11] [12] [13] 30] (Table 1) . Improvement in development and myelination after administration of SAM has been demonstrated without any adverse event [12, 16] .
The pathogenic mechanism of SAM depletion has not been well understood. SAM is an important precursor to three biological pathways: methylation, polyamine synthesis, and trans-sulfuration. It acts as a methyl donor in biosynthesis of neurotransmitters such as dopamine, serotonin, and norepinephrine [31] . Chamberlin et al. speculated that choline and myelin protein synthesis may be decreased by low SAM levels [7] . Glutathione is produced through the trans-sulfuration pathway and used as a major antioxidant in cellular process. Polyamines (ex. spermidine and spermine), which have physiological effects of analgesia and anti-inflammation, are synthesized from methionine. Therefore, treatment with SAM could improve various metabolic processes in CNS. In rats, SAM administration induced synthesis of norepinephrine and serotonin and methylation of neuronal cell membrane phospholipids resulting in improvement of the neuroreceptor signal conduction [31] . In humans, increase of 5-hydroxyindole acetic acid, a serotonin metabolism intermediate, is also induced. Side effects such as headache, restlessness, insomnia, and diarrhea have been reported [32] . In patients with major depressive disorder refractory to antidepressant, usefulness of adjunctive treatment with SAM is reported in both depressive mood and cognitive symptoms [33] [34] [35] .
Questions remain about the bioavailability and absorption of oral intake, especially its effects on transsulfuration pathway. In healthy adult subjects (age range, 22-44 years), after oral SAM administration (400 mg), plasma concentration Review Masako Kinoshita of SAM increased from 38.0 +/-13.4 to 361.8 +/-66.4 nmol/L (mean +/-S.E.) and its halflife was 1.7 +/-0.3 h. S-adenosylhomocysteine and 5-methyltetrahydrofolate significantly increased (from 29.9 +/-3.7 to 51.7 +/-7.1 nmol/L, and from 25.1 +/-2.5 to 36.2 +/-3.5 nmol/L, respectively), whereas homocysteine and methionine were stable during the observation up to 24 h [36] . In another doubleblind, placebo-controlled, randomized study of healthy adult subjects (age range, 18-60 years), oral administration of SAM (800 mg/day) for 4 weeks did not significantly affect the level of plasma homocysteine [37] . The same finding was obtained in clinical study in patients with major depressive disorder [38] .
Methionine restriction can be another therapeutic strategy when considering neurotoxic effect by hypermethioninemia. The guideline describes a benefit of methionine restriction in patients with MAT I/III deficiency with plasma methionine concentrations higher than 800 μmol/L [19] . However, our patient showed neurological and radiological improvement under persistence of hypermethioninemia [12] . Relative poverty of methionine may cause decreased metabolism of it and lead to depletion of SAM.
Administration of high-dose pyridoxine can induce the methionine metabolism through the trans-sulfuration pathway and produce SAM [39] . However, it was not effective in our patient [12] , or caused deterioration in cases misdiagnosed as CBS deficiency, administered alone or when co-administered with betaine [4, 11, 40] .
Mutations in the MAT1A gene and genotype-phenotype correlation
Definitive diagnosis of MAT I/III deficiency is possible by analyses of the MAT1A gene. Genotype-phenotype correlation is useful to identify patients with neurological problems as early as possible and to investigate the mechanism of clinical variation [4, 15, 19, 22, 28, [40] [41] [42] . Mutations in the MAT1A gene can be analyzed by single strand conformation polymorphism [43] .
The most common mutation, heterozygous for the autosomal dominant Arg264His mutation, is a relatively benign phenotype which requires no treatment; only one case has been reported to have myelination abnormalities by brain MRI [22] . The Portuguese Newborn Screening Laboratory screened 5 hundreds of thousands of newborns by tandem mass spectrometry, found 21 patients with hypermethioninemia (cutoff level >50 μmol/L), and confirmed 20 patients with genetically-proven MAT I/III deficiency. Therefore an incidence for this condition was reported as 1/26,000 (the other one patient was CBS deficiency). Twelve newborns of the 20 MAT I/III deficient were fully investigated. All patients showed moderately increased concentration of plasma methionine and homocysteine, had R264H heterozygous mutation, and were in normal development. Brain MRI in one patient showed myelination abnormalities [22] . Another study based on the Spanish regional newborn screening programs which evaluated 18 MAT I/III patients (incidence 1/22,874, methionine cutoff level 48-56 μmol/L) revealed that 15 patients (83%) were heterozygous for the autosomal dominant p.Arg264His mutation and, with one exception, presented relatively low circulating methionine concentrations (<400 μM). During continued follow-up (average, 3 years 7 months), the patients have been asymptomatic [42] . Similar tendency was found in Japanese study which found 24 MAT I/III patients and 14 of them (58%) were heterozygous for an Arg264His mutation, although the incidence of this study is lower than the values reported in other countries, 1/107,850, probably because of a higher methionine cutoff level (80 μmol/L) [40] . Chamberlin et al. reported that individuals carrying one wild-type allele and one Arg264His allele retain 30% of normal MAT activity in the liver, and therefore, those patients were relatively free of major clinical difficulties [14] .
In contrast, care must be taken on the MAT1A mutation other than Arg264His, because of the possibility of pathological reduction of MAT activity (Table 1) . Fernández-Irigoyen et al. performed in vitro functional analyses of recombinant proteins that determine the enzyme activities of MAT1A variants, and found that the Arg292Cys and Arg356Pro variants showed impairment of MAT activity whereas the Gly69Ser and Tyr92His variants had almost normal enzyme activities [44] . Compound heterozygosity in vivo can produce various phenotypic effects. The Tyr92His/Arg356Pro genotype was associated with the clinical presentation of decreased appetite and sleepiness by misdiagnosis and treatment of CBS deficiency [10] . Myelination disorder was reported when Arg292Cys mutation was paired with Arg356Leu or with Glu145Lys [10, 11, 40] . The positions of some of the substituted amino acids in protein structure might explain the alterations of enzyme activity [45] [46] [47] . Mutations at Arg356 (Arg356Pro, Arg356Leu, and Arg356Gln) showed great influence in Japanese patients, and substitutions at this residue can be clinically informative for molecular diagnosis [40] .
At least 4 patients with homozygotes for MAT1A mutation leading to truncated subunits have been identified. They presumably have complete absence of MAT I/III activity (2 patients with 539insTG (185X) [7, 8] , 1 with 1043delTG (350X) [7] , and 1 with 827insG (351X) [7] ). Two patients with 185X are clinically normal, whereas the other two developed demyelination of the brain [9] . It is puzzling that patients with null MAT1A gene mutation, which totally abolish MAT activity, could achieve normal brain myelination without any neurological symptoms, or diagnosed as having abnormal myelination only at age 11 years [7, 8] . MAT II, synthesized in non-hepatic tissues and also in the liver though in low amounts, could sustain the metabolism in these patients. Hazelwood et al. reported that a 43-year-old man with normal brain myelination on MRI and normal neurological function, despite being homozygous for a 539insTG, had 7% residual hepatic MAT activity, which may reflect the hepatic activity of MAT II [8] .
Other mutations of the MAT1A gene in MAT I/ III-deficient patients are known to associate with abnormalities in central nervous system. There is a report of a boy homozygous for aberrant splicing mutation [4] . Uniparental disotomy of chromosome 10 can cause homozygous form [13] . 
Conclusion
